In this paper, an attempt is made to advance the understanding of Laser-Assisted Milling (LAMill) of zinc oxide (ZnO) electronic ceramics. A series of conventional milling and LAMill experiments with varying laser power were conducted to determine the effect of laser assistance on the machinability of this material. Improved machinability in terms of reduction in machined surface roughness and edge chipping was achieved by adjusting laser power. At an optimal laser power of 120 W, determined for the machining parameters used, R a and R z were reduced by 37 % and 46 %, respectively, while the average and maximum chipping widths were reduced by 15 % and 17 %, respectively.
INTRODUCTION
Machinability in cutting processes, which is the ability to economically machine a certain material, is usually closely related to the performance of the tobe-cut material. Engineering ceramics are known for their poor machinability due to high hardness and brittleness. Thus, often the state-of-the-art in precision shaping of these materials are low material-removal rate processes, e.g. grinding and lapping, resulting in high machining costs. Nowadays, new ceramic materials are being developed in different areas of the industry (e.g. electronic ceramics). These ceramics are usually not known for high hardness or strength, yet high brittleness and low fracture toughness that lead towards excessive edge chipping. Therefore, machinability of these materials is significantly reduced. Edge chipping of ceramics is sudden edge damage on the macro-or microscale, caused by fractures usually while the cutting tool either comes in contact or separates from the workpiece. Ng et al. [1] described three types of edge chipping, namely entry edge chipping, interior edge chipping and exit edge chipping ( Fig. 1 ), while milling a tetrasilicic mica glass ceramic. On finished parts, the presence of edge chipping is detrimental to the mechanical characteristics as well as dimensional and geometrical accuracy, and often severely limits the productivity of ceramic machining processes. [1] Some improvements in machinability of both structural and electronic ceramics were achieved by optimizing the conventional fixed abrasive machining processes [2] . Besides improvements in conventional processes, large reductions in cutting forces and edge chipping in ceramics fixed abrasive machining were achieved with ultrasonic oscillations of the cutting tool during machining [3] . Another hybrid approach to fixed abrasive machining of silicon nitride (Si 3 N 4 ) structural ceramics was presented by Guerrini et al. [4] . The authors proposed a combined process wherein a laser source is used to induce controlled cracking of the workpiece material surface, which aids the consequent grinding process. Zhang et al. [5] have adopted a similar shaping approach for zirconium oxide ceramics. Besides improvements in fixed abrasive machining processes, other non-traditional or hybrid processes such as electrical-discharge machining [6] , laser machining [7] and thermally enhanced machining [8] have been used to address the poor machinability of ceramic materials.
In thermally enhanced machining, a heat source is used to heat the workpiece material right before the cutting zone, resulting in local softening of the to-be-cut material. By heating ceramic materials above a certain temperature, a reduction in hardness can be achieved as well as the change in deformation behaviour from brittle to ductile [9] . Amongst the thermally enhanced machining processes, laserassisted machining (LAM) has been shown to be superior method for improving the machinability of different structural ceramics due to the ability of a fast, local and controlled input of heat into the workpiece material. In comparison to grinding and lapping, much higher material-removal rates can be achieved in LAM, leading to a significant reduction in machining costs. Lei et al. [10] evaluated the potential of laser-assisted turning (LAT) as an economically viable process for the fabrication of precision Si 3 N 4 ceramic parts. Compared to the conventional diamond grinding, a decrease in the thickness of the subsurface damage layer was observed, while achieving tool life, comparable to metal cutting. Tian et al. [11] also report on achieving tool life, comparable to metal cutting, while successfully producing Si 3 N 4 parts with complex geometry. Pfefferkorn et al. [12] demonstrated the feasibility of LAT of magnesiapartially-stabilized zirconia (PSZ) by achieving a process with 0 % flaws, which would cause a workpiece to be scrapped. The experiments showed that at a laser power of 100 W, the material removal temperature rises to 530 °C and the material can be successfully machined, although a PCBN-tipped tool life was only 3 min. Further increasing the laser power to 250 W leads to a material removal temperature of 1210 °C and a drastic increase in tool life (up to 120 min). While several studies on LAT of structural ceramics are reported in literature, the authors found only two reports on laser-assisted milling (LAMill) of these materials. The possible reasons for that are that LAMill is generally more complex than LAT with regards to the laser setup and in the case of brittle materials, milling is significantly more subjected to workpiece edge chipping than turning. Tian et al. [13] achieved good surface finish, repeatable performance and acceptable tool wear in LAMill of Si 3 N 4 ceramics using TiAlN coated carbide tools, although the problem of edge chipping was not addressed in this study. A detailed study on edge chipping mechanisms in LAMill of this material was presented by Yang et al. [9] . The authors concluded that by heating the material above the softening point, edge chipping is reduced due to the reduction in cutting forces. By heating the material further, above the brittle/ductile transition temperature, edge toughness of Si 3 N 4 is increased significantly, resulting in a further reduction of edge chipping.
In this study, an attempt is made to advance the understanding of LAMill on the machinability of zinc oxide (ZnO) based electronic ceramic. Detailed information about the composition and preparation of this ceramic is provided in [14] . Lapping process represents the state of the art in machining of ZnO ceramic. Achieving a successful milling operation, however, would result in a drastic increase in quality, achievable material removal rate and consequently a decrease in machining costs. No reports on machining of this material can be found in literature, nor information about the material edge toughness or edge chipping tendencies. The authors performed preliminary studies on conventional milling of ZnO ceramics and concluded that conventional milling is not appropriate for its machining and that edge chipping is the main factor, reducing its machinability. The latter is supported by comparing the fracture toughness of zinc oxide ceramics (2.10 MPa·m 1/2 to 2.16 MPa·m 1/2 [15] ) to previously discussed structural ceramics (for example Si 3 N 4 , 4 MPa·m 1/2 to 8 MPa·m 1/2 [16] ).
Based on the similarities between ZnO ceramics and other electronic ceramics, or even structural ceramics, the authors assume that laser assistance should provide significant machinability improvement in milling of ZnO ceramic material. Therefore, the aim of this study is defining the effect of laser assistance on the machinability of zinc oxide ceramics. To observe laser assistance significance, only laser power was varied throughout the experimental repetitions, while the machining parameters were kept constant at levels that were found as optimal by the preliminary conventional milling experiments.
EXPERIMENTAL PROCEDURE

Laser-Assisted Milling Experiments
The laser-assisted dry milling experiments were performed on a 3-axis Mori Seiki Frontier M1 vertical machining center, equipped with a 400 W YLR-400-AC continuous wave fiber laser from IPG Photonics with a wavelength of 1070 nm and the collimated laser beam diameter of 5 mm. The cutting tool used in the experiments was a DIXI 72420 PCD end mill with a diameter of 4 mm and a single cutting edge. A depth and width of cut of 0.1 mm and 0.33 mm, respectively, a feed velocity of 250 mm/min, a spindle speed of 6250 rev/min (v c = 78.5 m/min and f z = 0.04 mm) and the position of the laser spot relative to the cutting tool ( Fig. 2) were kept constant throughout all experimental repetitions. For every experimental repetition, a 4 mm wide and 0.1 mm deep slot was milled at the centre of the workpiece in the x-direction without laser assistance and then two consecutive LAMill passes with the same width of cut in the positive y-direction were performed, as shown in Fig. 2 . Table 1 shows the plan of laser-assisted milling experiments. Experiments N° 1 to 6 were performed with two repetitions with the same experimental parameters, each time on a new workpiece. As the results indicated an area of interest between the two used levels of laser power, four more experiments (N° 7 to 10) were performed, with one repetition per laser power used.
Surface Integrity Analysis
Surface integrity was evaluated in terms of interior edge chipping and machined surface roughness. For the purpose of surface integrity analysis, a 3D scan including the edge and the surface, generated in the two machining passes, shown in Fig. 2 , was executed on an Alicona InfiniteFocusSL measurement system.
The measurement setup used for surface integrity analysis is shown in Fig. 3 .
Fig. 3. Surface integrity measurement setup
Edge chipping was evaluated by fitting a reference plane on the portion of un-machined surface in the scan and extracting the intersection curve of a plane 5 µm below the reference plane and the scanned surface. A plot of the distance from the reference plane for the case 0W 1 , where the lower limit of the colour scale was set to -5 µm and thus evidencing the detected edge as the border of the black-coloured area is shown in Fig. 4a) . A portion of the detected edge around the maximum detected chipping for the case 0W 1 is shown in Fig. 4b ). Edge chipping is characterized by the chipping widths, w c,n , which are the normal distances from the ideal edge, without edge defects (green line), to the local extremes (red marks) of the detected edge (blue line), as shown in Fig. 4 b) . Two parameters were chosen to evaluate edge chipping, namely maximum (w c,max ) and average (w c,avg ) chipping width, which are the maximum and mean value of the detected chipping widths in an experimental repetition, respectively.
Surface roughness at the machined surface (black area in Fig. 4a ) was measured on three different randomly selected 5 mm long profiles in the x-direction for every experimental repetition. For each profile an average of 5 profiles, each 10 µm apart in the y-direction, was taken into account and a cut-off wavelength of 800 µm was used to eliminate waviness.
RESULTS AND DISCUSSION
The effects of laser power on the surface integrity of milled ZnO ceramic parts was evaluated in terms of machined surface roughness (chapter 2.1) and interior edge chipping (chapter 2.2). Furthermore, optimal level of laser power is discussed in chapter 2.3.
Surface Roughness
To evaluate the machined surface roughness, R a and R z were chosen as representative parameters. Fig. 5 shows the results of surface roughness measurements, grouped by the laser power used. Each vertical bar represents the highest and lowest measured value, while the connecting line represents the mean value for each group of experiments. Note that for laser powers of 0 W, 80 W and 160 W, six measurements are included in the group, while only three measurements are included in the other groups.
The results are showing that both R a and R z decrease with laser power almost linearly from 0 W to 110 W, followed by a sharp decrease at 120 W and a slight increase with further increasing the laser power. This suggests that 120 W is the optimal laser power level when milling ZnO ceramics with the proposed machining parameters. Furthermore, the difference between the highest and lowest measured R a or R z , for a fixed laser power, decreases drastically when increasing the laser power above 80 W. This suggests an improvement in process stability while increasing the laser power above a threshold value between 80 W and 110 W. The results are indicating that machined surface roughness is in direct correlation with the occurrence of grain pull-out during machining. The latter is facilitated by the brittleness of the thin layer of Birich intergranular phase, through which the cracks propagate during brittle fracture of this material at room temperature. By preheating the workpiece material before cutting, the intergranular phase softens, inhibiting grain pull-out. Furthermore, the authors assume that at a threshold value of laser power between 80 W and 110 W, the material is heated above the glassy transition temperature of the Birich intergranular phase (~350 °C [17] ), resulting in changes in the deformation behaviour and the material removal mechanism. A brittle/ductile transition, like in the case of Si 3 N 4 [9] , where random cracks during brittle fracture are replaced by the viscous flow of the workpiece material, would explain the increase in process stability. This means that, optimally, the laser power should be kept just above that point (120 W), as using higher power does not lead to improvements in surface roughness and results in cracks on the machined surface ( Fig. 8 ).
Edge Chipping
Laser assistance has also a significant effect on interior edge chipping; however, its correlation with laser power differs from the findings of surface roughness. A sample edge, achieved with conventional milling in 0W 1 and a sample edge from 160W 1 , where the best results regarding edge chipping were achieved, are presented in Fig. 6a ) and b), respectively. Fig. 6 c) shows the area around w c,max (centred at x = 0) for every experimental repetition and the detected chippings. It can be seen that the definition of a chipping differs from the literature [9] and [18] . To clarify, in this work, a chipping detection algorithm based on local extremes was constructed and used.
In contrast with the other definitions of a chipping, several detected chippings in the area of a single, longer (in the x-direction) chipping are detected. However, as stated by Yang et al. [9] , the maximum chipping width and the chipping area, which is the area surrounded by the real and ideal edges in Fig. 4 , are independent of the chipping definition. Moreover, as the plot of chipping area shows the same trend as the w c,avg in Fig. 7 , the authors consider the algorithm to be appropriate for edge chipping evaluation. The dependence of w c,max and w c,avg on laser power is presented in Fig. 7 . A trend line is added to the data as a third degree polynomial fit. It can be seen that both w c,max and w c,avg increase with laser power, for low laser powers, and then decrease linearly for laser powers above 80 W, with the values at 80 W still being significantly larger than at 0 W. This suggests that the optimal laser power for the machining parameters used is outside the tested range, above 160 W. It can be seen in Fig. 7 that the benefits of laser assistance are only achieved with laser powers exceeding 110 W, where both w c,max and w c,avg are reduced, compared to those, achieved by conventional milling. This suggests that the glassy transition of the Bi-rich intergranular phase plays an important role in interior edge chipping as well as in the previously discussed surface roughness. Similarly, for the case of Si 3 N 4 , Yang et al. [9] report that there are two factors, contributing to edge toughness. Firstly, edge chipping is reduced due to reduction in cutting forces in LAMill and secondly, while increasing laser power so to heat the material above the glassy transition temperature, the edge toughening mechanism takes place, further reducing edge chipping.
Optimal Level of Laser Power
This study showed that positive effects on the machinability of ZnO ceramics in terms of reduction of interior edge chipping and improved machined surface quality can be achieved with laser assistance by adjusting laser power. At a laser power of 120 W, R a and R z were reduced by 37 % and 46 %, respectively, compared to conventional milling, and a 4.5-and 7-fold reduction in the difference between the highest and lowest measured values was observed for R a and R z , respectively at this laser power. The highest reduction of edge chipping was obtained at the highest laser power used, 160 W, where the average and maximum chipping widths were reduced by 55 % and 60 %, respectively. However, using this level of laser power resulted in cracks in the workpiece due to thermal shock, as shown in Fig. 8 . The stresses, as a consequence of excessive temperature gradient are causing this problem. Based on this, the minimum power above the glassy transition point is considered as the most reliable choice by the authors (i.e. 120 W). By using a laser power of 120 W, the average and maximum chipping widths were reduced by 15 % and 17 %, respectively. 
CONCLUSIONS
The paper contributes to an advanced understanding of laser assistance and represents a pioneering work in the field of LAMill of ZnO electronic ceramics. Conventional milling and LAMill experiments, using various levels of laser power, were conducted to determine the effect of laser power on the machined surface integrity. The key findings of this research are summarized as follows. • Edge chipping is the main factor, reducing the machinability of ZnO ceramics. Laser assistance can improve the machinability of ZnO ceramics by reducing edge chipping and improving surface roughness. For the machining parameters used, an optimal level of laser power exists, where the highest improvement in machinability was achieved. • At the optimal level of laser power of 120 W, R a and R z were reduced by 37 % and 46 %, respectively. • By using a laser power of 120 W, the average and maximum chipping widths were reduced by 15 % and 17 %, respectively. Higher reductions in edge chipping were achieved at higher levels of laser power, but cracks due to thermal shock started to appear on the machined surface.
Although the novel approach of LAMill applied in this study showed an improvement in the machinability of this material, many areas are yet to be researched to fully understand and implement LAMill in ZnO ceramic part production. As concluded previously, edge chipping is considered the main factor reducing the machinability of ZnO ceramics and LAMill of this material is limited by thermal shock. Therefore, a thermal model that can reliably predict temperatures near the edges of the workpiece after laser heating is crucial for further studies of LAMill of this material. Furthermore, the mechanisms that result in the improvement of surface integrity, while machining ZnO at high temperatures have to be researched to master LAMill of ZnO.
